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ABSTRACT: Three novel polyketide-like metabolites, trichorenins A−C (1−3), with a
unique tetracyclic carbon skeleton were obtained from the culture of Trichoderma virens
Y13-3, an epiphyte of the marine red alga Gracilaria vermiculophylla. Their structures and
relative configurations were established by analysis of 1D/2D NMR and MS data, and
their absolute configurations were unequivocally assigned by X-ray diffraction and ECD
spectra aided by quantum chemical calculations. Compounds 1−3 exhibited potent
inhibition against two marine phytoplankton species, Chattonella marina and Karlodinium
venef icum.
Marine-derived filamentous fungi from various habitatshave attracted great attention for natural product
research during the last two decades, which have contributed
more than 2000 new compounds so far.1,2 Among them,
approximately 20% were discovered from marine algicolous
fungi (MAF, an ecologically defined group of marine-derived
fungi inhabiting or associated with marine algae), containing
endophytes and epiphytes of the marine red, brown, and green
algae.2 These new secondary metabolites, including ter-
penes,3−6 meroterpenes,6,7 polyketides,8 and alkaloids,9,10
exhibited high structural diversity and intriguing bioactivities,
such as cytotoxic, antibacterial, antifungal, antioxidative, and
enzyme-modulatory properties.11 Polyketides made up the
largest group of secondary metabolites from MAF, and several
of them feature high novelty due to cyclization and
substitution.11 Trichoderma species of marine algicolous origin
were the producers of some novel terpenes and peptides,5,12
but new polyketides were rarely reported from them. In our
ongoing investigation toward new and bioactive secondary
metabolites from marine algicolous Trichoderma species,3,5
efforts on an epiphytic strain (Y13-3) of T. virens isolated from
the marine red alga Gracilaria vermiculophylla resulted in the
isolation and identification of three novel polyketide-like
compounds, trichorenins A−C (1−3), with a unique tetracyclic
scaffold (Figure 1). Herein, the isolation, structure elucidation,
and bioactivity of these compounds are described in detail.
Trichorenin A (1) was obtained as a colorless oil, and its
molecular ion peak appeared at m/z 286 [M]+ in the EI mass
spectrum. A molecular formula of C17H18O4 was assigned by
interpretation of HREIMS, requiring nine degrees of
unsaturation. The IR spectrum showed absorption bands at
3440 and 1709 cm−1, corresponding to the presence of hydroxy
and carbonyl groups. The 1H NMR spectrum (Table 1)
alongside HSQC data displayed notable signals including one
methyl singlet, one methoxy singlet, one doublet, and one
broad singlet ascribable to two oxygenated methines and two
doublets attributable to two aromatic protons. The 13C NMR
spectrum (Table 2) exhibited 17 resonances, sorted into two
methyls, three methylenes, five methines, and seven non-
protonated carbons by DEPT experiments. A methoxy group
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Figure 1. Structures and key COSY (bold lines) and HMBC (arrows)
correlations of 1−3.
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was attached to C-1 by the HMBC correlation from H-17 to C-
1, which was extended to C-4 by the COSY correlations of H-
1/H-2/H-3/H-4 and then formed ring A through C-15 by the
HMBC correlations from H-16 to C-1, C-4, and C-15. On the
other hand, a tetrasubstituted phenyl group (ring C) was
deduced to be constructed by C-6, C-7, C-11, C-12, C-13, and
C-14 in view of their deshielded NMR signals, and their linkage
was established by the COSY correlation between H-12 and H-
13 and HMBC correlations from H-12 to C-7 and C-14 and
from H-13 to C-6 and C-11. A carbonyl group (C-5) was
located between C-4 and C-6 by the HMBC correlations from
H-3 to C-5 and from H-4 to C-5 and C-6, and the presence of
ring B was confirmed by the HMBC correlations from H-16 to
C-14 and from H-13 to C-15. Additionally, C-8 and C-10,
which were linked via C-9 by the COSY correlation between H-
8 and H-9 and HMBC correlations from H-8 and H-9 to C-10,
were bonded to C-7 and C-11, respectively, by the HMBC
correlations from H-8 to C-6, C-7, and C-11 and from H-12 to
C-10. Other HMBC correlations (Figure 1) further validated
the planar structure of 1.
Trichorenin B (2) was isolated as colorless crystals, which
exhibited the molecular ion peak at m/z 286 [M]+ as the base
peak in the EI mass spectrum. Its molecular formula was
determined to be C17H18O4, the same as for 1, by HREIMS.
The IR absorption bands at 3441 and 1707 cm−1 indicated the
presence of hydroxy and carbonyl groups. A detailed
comparison of NMR data revealed that 2 differed from 1
mainly at ring A (Tables 1 and 2). The COSY correlations of
H-1/H-2/H-3/H-4 and HMBC correlations from H-17 to C-1
and H-16 to C-1, C-4, C-14, and C-15 allowed the connectivity
of ring A to be the same as that of 1. Other COSY and HMBC
correlations (Figure 1) further evidenced 2 to be a stereoisomer
of 1.
Trichorenin C (3) was purified as a colorless oil and given a
molecular formula of C17H18O4 by analysis of HREIMS data.
Besides the moleculer ion peak at m/z 286 [M]+, its EIMS
spectrum displayed fragment ion peaks at m/z 268 [M −
H2O]
+ and 254 [M − MeOH]+, suggesting the presence of a
hydroxy and a methoxy group. The 1H and 13C NMR data
(Tables 1 and 2) closely resembled those of 1 and 2, except for
the different splitting pattern for H-2 and the shielded signal for
C-2. Moreover, the UV and IR spectroscopic data also
exhibited high similarities with those of 1 and 2. Thus, 3 was
speculated to be another stereoisomer of 1, and its gross
structure was supported by the observed COSY and HMBC
correlations (Figure 1).
Compounds 1−3 possess the same planar structures but
feature different configurations around ring A based on the
above analyses. In their NOESY spectra, the correlations
between H-4 and H3-16 indicated them to be on the same face
of all three molecules (Figure 2). Moreover, the identical
electronic circular dichroism (ECD) spectra suggested the same
absolute configurations at C-4 and C-15, which are close to the
chromophore. As for 2, the methoxy group was syn to H-4 and
C-16 by the NOE correlations of H3-16 with H-4 and H3-17,
and it was also syn to H-2 by their NOE correlation. Regardless
of the rotation of methyl, methoxy, and hydroxy groups, 2 has
two energy-minimized conformers (Figure 2). Both of them
were subjected to Gaussian 09 software13 for the computation
of ECD spectra using the time-dependent density function
theory (TD-DFT) method at the gas-phase B3LYP/6-31G(d)
level, and the results were depicted by SpecDis software14 with
sigma = 0.25 and weighted by Boltzmann distribution. Based on
the comparison of experimental and calculated ECD spectra
Table 1. 1H NMR Data for 1−3 (500 MHz, CDCl3)
1 2 3
pos δH (J in Hz) δH (J in Hz) δH (J in Hz)
1 3.49, d (4.0) 3.43, d (3.7) 3.61, d (3.4)
2 4.09, br s 4.31, q (4.6) 4.29, td (3.5, 1.6)
3a 2.29, ddd (13.7, 10.6,
6.2)
2.48, ddd (13.9, 10.4,
5.1)
2.34, dt (14.4, 1.5)
3b 1.95, dt (13.7, 5.3) 1.97, dt (13.8, 4.4) 2.12, ddd (14.4, 10.0,
3.7)
4 2.92, dd (10.6, 5.4) 2.74, dd (10.5, 4.1) 2.69, dd (10.4, 1.5)
8 3.43, m 3.41, m 3.43, m
9 2.74, m 2.72, m 2.71, t (5.7)
12 8.00, d (7.9) 7.96, d (7.9) 7.89, d (8.0)
13 7.53, d (7.9) 7.52, d (7.9) 7.56, d (8.0)
16 1.55, s 1.47, s 1.60, s
17 3.61, s 3.53, s 3.46, s
Table 2. 13C NMR Data for 1−3 (125 MHz, CDCl3)
1 2 3
pos δC, type δC, type δC, type
1 88.8, CH 92.4, CH 91.1, CH
2 73.6, CH 77.7, CH 71.7, CH
3 33.6, CH2 35.0, CH2 33.0, CH2
4 57.8, CH 57.8, CH 58.1, CH
5 208.0, C 208.4, C 207.9, C
6 132.5, C 132.7, C 133.8, C
7 154.7, C 154.5, C 153.9, C
8 25.0, CH2 24.9, CH2 24.9, CH2
9 36.5, CH2 36.5, CH2 36.5, CH2
10 205.7, C 205.9, C 206.2, C
11 137.8, C 137.5, C 137.3, C
12 130.5, CH 130.0, CH 128.2, CH
13 123.9, CH 123.9, CH 126.5, CH
14 168.0, C 168.6, C 165.7, C
15 53.4, C 53.4, C 51.2, C
16 22.5, CH3 21.7, CH3 27.1, CH3
17 60.3, CH3 59.6, CH3 59.3, CH3
Figure 2. Energy-minimized conformers with populations and NOE
correlations of 1−3.
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(Figure 3),15 the absolute configuration of 2 was assigned to be
1S, 2S, 4R, and 15S, which was further supported by a single-
crystal X-ray diffraction experiment using Cu Kα radiation
(Figure 4). The similar splitting patterns and coupling
constants (Table 1) of H-3a and H-3b of 1 and 2 indicated
their identical configuration at C-2. Thus, 1 was deduced to be
a C-1 epimer of 2, supported by the NOE correlations of H3-16
and H-4 with H-1 and H-2. In the NOESY spectrum of 3, the
correlations of H-1 with H-4 and H3-16 oriented them on the
same side of the molecule. In view of the different splitting
pattern of H-2 from that of 1, 3 was assigned as a C-2 epimer of
1, which was also corroborated by the NOE correlation
between H-2 and H3-17. The absolute configurations of 1 and 3
were confirmed by comparison of experimental and calculated
ECD spectra (Figure 3).
Based on the general structures of compounds 1−3 and their
specific differences, it seems possible that they might be derived
from the same precursor with a double bond between C-1 and
C-2. Nonspecific epoxidation followed by opening of the
epoxide in the presence of MeOH could provide the three
diastereomers. Unfortunately, no olefinic or epoxidated
analogues were found in the culture. In order to evaluate the
biological activities of 1−3, they were assayed for growth
inhibition against four marine phytoplankton species (Chatto-
nella marina, Heterosigma akashiwo, Karlodinium venef icum, and
Prorocentrum donghaiense) that can cause red tides, one marine
zooplankton species (Artemia salina), and five marine-derived
pathogenic bacteria (Vibrio parahemolyticus, V. anguillarum, V.
harveyi, V. splendidus, and Pseudoalteromonas citrea).3,16
Compounds 1−3 exhibited strong inhibition of C. marina
and K. venef icum with IC50 values of 0.41, 0.56, 0.41 and 1.0,
0.87, and 0.69 μg/mL, respectively. However, none of them
showed any activities against the other plankton species at 100
μg/mL, and they were also inactive to the five bacteria tested at
20 μg/disk.
■ EXPERIMENTAL SECTION
General Experimental Procedures. The melting point was
determined with an SGW X-4 micromelting-point apparatus. Optical
rotations were determined on a JASCO P-1020 polarimeter. UV and
ECD spectra were measured on a Chirascan CD spectrophotometer.
IR spectra were obtained on a JASCO FT/IR-4100 spectrometer.
NMR spectra were recorded on a Bruker Avance III 500 NMR
spectrometer (500 and 125 MHz for 1H and 13C, respectively) using
tetramethylsilane (TMS) as an internal standard. Low- and high-
resolution EI mass spectra were acquired on an Autospec Premier
P776 mass spectrometer with a double-focusing magnetic sector mass
analyzer. HPLC separation was operated on an Agilent HPLC system
(1260 Infinity quaternary pump, 1260 Infinity diode-array detector)
using an Eclipse SB-C18 (5 μm, 9.4 × 250 mm) column. Column
chromatography (CC) was performed with silica gel (200−300 mesh,
Qingdao Haiyang Chemical Co.), RP-18 (AAG12S50, YMC Co.,
Ltd.), and Sephadex LH-20 (GE Healthcare). Thin-layer chromatog-
raphy (TLC) was carried out with precoated silica gel plates (GF-254,
Qingdao Haiyang Chemical Co.). Quantum chemical calculations were
run with Gaussian 09 software (IA32W-G09RevC.01).
Fungal Material and Fermentation. Trichoderma virens Y13-3
was isolated from the surface of the marine red alga Gracilaria
vermiculophylla collected from Yangma Island in July 2015. The species
was identified by morphological taxonomy and by analysis of the ITS
regions of its rDNA, deposited at GenBank (accession no.
MG828822). Its fermentation was performed statically at room
temperature for 30 days in 200 × 1 L Erlenmeyer flasks, each
containing 300 mL of media prepared by addition of 500 mL of potato
(100 g) broth, 20 g of glucose, 5 g of peptone, and 5 g of yeast extract
powder into 500 mL of natural seawater from the coast of Yantai.
Extraction and Isolation. The mycelia were collected by
filtration, which were then dried in the shade and exhaustively
extracted with CH2Cl2 and MeOH (1:1, v/v). After removing organic
solvents by evaporation under vacuum, the residue was partitioned
between EtOAc and H2O to give an EtOAc-soluble extract (12.3 g).
The filtrate was directly extracted with EtOAc and then concentrated
to afford an extract (14.9 g). In view of the identical TLC profiles,
these two parts were combined and then subjected to silica gel CC
with step-gradient solvent systems consisting of petroleum ether
(PE)/EtOAc and CH2Cl2/MeOH to yield 10 fractions (Frs. 1−10).
Fr. 7 eluted with CH2Cl2/MeOH (20:1) and was further purified by
CC on RP-18 (MeOH/H2O, 1:1), preparative TLC (PE/EtOAc, 1:1),
Sephadex LH-20 (MeOH), and semipreparative HPLC (MeOH/H2O,
3:2 to 4:1) to produce 1 (2.2 mg), 2 (6.4 mg), and 3 (2.0 mg).
Trichorenin A (1): colorless oil; [α]19D −43 (c 0.018, MeOH); UV
(MeOH) λmax (log ε) 233 (4.49) nm; IR (KBr) νmax 3440, 2928, 1709,
1605, 1342, 1111, 1071, 668 cm−1; 1H and 13C NMR data, Tables 1
and 2; EIMS m/z (%) 286 [M]+ (24), 254 (6), 223 (15), 213 (34),
199 (33), 149 (76), 83 (100); HREIMS m/z 286.1204 [M]+ (calcd for
C17H18O4, 286.1205).
Trichorenin B (2): colorless crystals; mp 210−212 °C; [α]19D −37
(c 0.012, MeOH); UV (MeOH) λmax (log ε) 235 (4.54) nm; IR (KBr)
νmax 3441, 2927, 1707, 1608, 1343, 1103, 1060, 669 cm
−1; 1H and 13C
NMR data, Tables 1 and 2; EIMS m/z (%) 286 [M]+ (100), 268 (20),
254 (54), 225 (15), 213 (50), 199 (29), 87 (15); HREIMS m/z
286.1203 [M]+ (calcd for C17H18O4, 286.1205).
Trichorenin C (3): colorless oil; [α]19D −34 (c 0.012, MeOH); UV
(MeOH) λmax (log ε) 235 (4.41) nm; IR (KBr) νmax 3442, 2925, 1707,
1627, 1340, 1117, 1054, 669 cm−1; 1H and 13C NMR data, Tables 1
and 2; EIMS m/z (%) 286 [M]+ (100), 268 (23), 254 (42), 225 (37),
Figure 3. Experimental and calculated ECD spectra of 1−3.
Figure 4. X-ray crystallographic structure of 2 (note: a different
numbering system is used for the structure in the text).
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213 (100), 199 (91), 87 (39); HREIMS m/z 286.1200 [M]+ (calcd for
C17H18O4, 286.1205).
X-ray Crystallographic Analysis of 2. All crystallographic data
were collected on a Bruker Smart-1000 CCD diffractometer equipped
with graphite-monochromatic Cu Kα radiation (λ = 1.541 78 Å) at
293(2) K. The data were corrected for absorption by using the
program SADABS.17 The structure was solved by direct methods with
the SHELXTL software package.18 All non-hydrogen atoms were
refined anisotropically. The H atoms were located by geometrical
calculations, and their positions and thermal parameters were fixed
during the structure refinement. The structure was refined by full-
matrix least-squares techniques.19
Crystal data for trichorenin B (2): C17H18O4, fw = 286.31,
monoclinic space group, P212121, unit cell dimensions a = 7.4196(3)
Å, b = 10.8293(5) Å, c = 17.8110(9) Å, V = 1431.10(11) Å3, α = β = γ
= 90°, Z = 4, dcalcd = 1.329 mg/m
3, crystal dimensions 0.30 × 0.27 ×
0.23 mm, μ = 0.770 mm−1, F(000) = 608. The 2201 measurements
yielded 1964 independent reflections after equivalent data were
averaged, and Lorentz and polarization corrections were applied. The
final refinement gave R1 = 0.0424 and wR2 = 0.1091 [I > 2σ(I)]. The
absolute structure parameter was 0.0(3). These data have been
deposited at the Cambridge Crystallographic Data Centre, with
deposition No. CCDC 1821363, which can be obtained free of charge
from the Cambridge Crystallographic Data Centre via http://www.
ccdc.cam.ac.uk/data_request/cif (or from the CCDC, 12 Union Road,
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